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This Journal represents an effort by the Society to deliver information to the 
reader with the greatest possible speed. To this end the material herein has 
none of the usual editing required in more formal publications. 


Original papers and discussions of current papers should be submitted to the 
Manager of Technical Publications, ASCE. Authors should indicate the technical 
division to which the paper should be referred. The final date on which a dis- 
cussion should reach the Society is given as a footnote with each paper. Those 
who are planning to submit material will expedite the review and publication 
procedures by complying with the following basic requirements: 


1. Titles should have a length not exceeding 50 characters and spaces. 


2. A 50-word summary should accompany the paper. 


3. The manuscript (a ribbon copy and two copies) should be double-spaced 
on one side of 8'4-in. by 11-in. paper. Papers that were originally prepared for 
oral presentation must be rewritten into the third person before being submitted. 


4. The author's full name, Society membership grade, and footnote reference 
stating present employment should appear on the first page of the paper. 


5. Mathematics are reproduced directly from the copy that is submitted. 
Because of this, it is necessary that capital letters be drawn, in black ink, Yin. 
high (with all other symbols and characters in the proportions dictated by 
standard drafting practice) and that no line of mathematics be longer than 6¥2-in. 
Ribbon copies of typed equations may be used but they will be proportionately 
smaller on the printed version. 


6. Tables should be typed (ribbon copies) on one side of 8Y%-in. by 11-in. 
paper with a 6'4-in. by 10!%-in. invisible frame. Small tables should be grouped 
within this frame. Specific reference and explanation should be made in the text 
for each table. 


7. Illustrations should be drawn in black ink on one side of 8Y4-in. by 11-in. 
paper within an invisible frame that measures 64-in. by 10%4-in.; the caption 
should also be included within the frame. Because illustrations will be reduced 
to 69% of the original size, the capital letters should be %-in. high. Photographs 
should be submitted as glossy prints in a size that is less than 6Y-in. by 10%-in. 
Explanations and descriptions shou! 4 be made within the text for each illustration. 


8. Papers should average aout 12,000 words in length and should be no 
longer than 18,000 words. As an approximation, each full page of typed text, 
table, or illustration is the equivalent of 300 words. 


Further information concerning the preparation of technical papers is con- 
tained in the “Technical Publications Handbook” which can be obtained from 
the Society. 


Reprints from this Journal may be made on condition that the full title of 
the paper, name of authur, page reference (or paper number), and date of 
publication by the Society are given. The Society is not responsible for any 
statement made or opinion expressed in its publications. 
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Engineers. Publication office is at 2500 South State Street, Ann Arbor, Michigan. 
Editorial and General Offices are at 33 West 39 Street, New York 18, New York. 
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SETTLEMENT OF OIL STORAGE TANKS 


Andrew M. Braswell, Jr.,1 A. M. ASCE 
(Proc. Paper 1863) 


SYNOPSIS 


This paper presents the results of observations covering a period of six 
years on the actual settlement of steel tanks that are used for the storage of 
petroleum products. The survey included tanks of various heights and diame- 
ters situated on sites with widely varying soil conditions within the top few 
feet. A comparison is also made between the actual and theoretical settle- 
ment of a large tank for typical soil conditions prevailing in the area covered. 


INTRODUCTION 


The region covered by this study is located on the coastal plain bordering 
the Gulf of Mexico near the upper end of Galveston Bay. The geological for- 
mation consists, in general, of a layer of clay roughly 300 ft. thick overlying 
a series of sand strata of various thicknesses. The clay formation is inter- 
spersed with numerous and irregular sand pockets and seams. A generalized 
north-south profile through the area has been plotted from the logs of water 
wells and is shown in Fig. 1. A 200' x 48" tank filled with water would exert 
a pressure of approximately 465 psf at the lower boundary of the clay. 
(Throughout this paper, when a tank size is given the first number denotes the 
diameter and the latter number denotes the height.) 

It is desirable to predict the probable settlement of storage tanks for many 
reasons. The design and flexibility of connecting appurtenances, grade, 
drainage layout, and inter-connection of piping between tanks are all de- 
pendent to some extent upon the settlement that will be experienced. The 
original objective of the study was to determine the amount of settlement that 
existing tanks had undergone. Accordingly, elevations were taken on the 
Note: Discussion open until May 1, 1959. To extend the closing date one month, a 

written request must be filed with the Executive Secretary, ASCE. Paper 1863 is 

part of the copyrighted Journal of the Soil Mechanics and Foundations Division, 

Pr: ceedings of the American Society of Civil Engineers, Vol. 84, No. SM 5, 

December, 1958. 


1. Jr. Design Engr. Humble Oil & Refining Co., Baytown, Tex. 
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FIGURE I 
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DISTANCE IN /000 FT. 


quarter-points of forty-nine tanks ranging in size from 30' x 30' to 145" x 48". 
Many of these tanks had been in service 20 to 30 years. When the recent ele- 
vations indicated that some of the tanks had risen anywhere from 3 inches to 
5 feet, it was concluded that little reliable settlement data could be obtained 
from this source. Unfortunately, the area covered by this study is within a 
region where movement of benchmarks is not uncommon. In addition, it is 
quite probable that the original elevation of many foundations did not corre- 
spond to that shown on the construction drawings. It is worth noting, however, 
that the survey of the 49 old tanks indicated that the differential settlement 
between any two points on the ring of a particular tank rarely exceeded one 
and one half inches. The tanks were supported on continuous concrete rings 
as shown in Fig. 2A. In some instances, the foundation ring had failed from 
lateral pressure, in which case the differential settlement amounted to a foot 
or more. 

It was obvious at this stage of the survey that the design of the standard 
foundation rings should be re-examined. The basis for the design of the new 
rings is illustrated in Fig. 2C. In general, a layer of black organic clay, or 
gumbo, extends to a depth of 8 ft. with a much stiffer tan or yellow clay below 
this depth. The depth of the ring “D” is set so that the passive resistance of 
the soil outside the ring will withstand the lateral pressure exerted on plane 
O-a between the bottom of the ring and the top of the yellow clay. The width 
of the ring “W” is set so that the shell and liquid load on the ring produces a 
unit soil pressure beneath the foundation approximately equal to the unit 
pressure beneath the interior of the tank when the tank is full of water. Suf- 
ficient longitudinal reinforcing bars are provided in the ring to resist the hoop 
stress caused by lateral soil pressure, as well as the bending moment caused 
by eccentric loading on the ring. Typical ring dimensions for several size 
tanks are shown in Fig. 2B. Thus far, the design has proved to be entirely 
satisfactory in preventing shear type failures in tank foundations. 
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It was further concluded from the preliminary survey that reliable settle- 
ment data could only be obtained from settlement levels taken on new tanks 
subsequent to their construction. The records of 10 such tanks are given in 
Table I. Several of the tanks were built in pairs and offer an excellent oppor- 
tunity to compare the relative settlement of tanks constructed on natural soil 
versus those constructed on a fill. In comparing the settlement of different 
tanks, however, it should be noted that the projection of the foundation ring 
outside the shell was changed during the course of this study. This projection 
was originally 4" rather than 10" as shown in Fig. 2B, which resulted in high- 
er soil pressures under the foundation. For this reason, the soil pressure 
beneath the foundation has been given in Table I for the various conditions of 
loading of each tank. All tanks included in this paper have a projection of 4" 
except Tanks 3, 4, and §, which have a projection of 10". 


Results of Observations : 


The construction site and settlement record of 8 of the 10 tanks included 
in this paper are described in detail below. The site for the remaining two, 
Tanks 8 and 9, is essentially identical to the site for Tank No. 3, so settle- 
ment data only are given for these two tanks. 


Tanks 1 and 2 


These two 140' x 48' cone roof tanks were constructed simultaneously in 
1953 at 350 ft. on centers, Tank No. 1 was placed on natural soil with the 
bottom of the foundation 3 ft. below grade. Tank No. 2 straddled a 9 ft. deep 
slough as shown in Fig. 3. Eight core borings and numerous laboratory tests 
were made of the subsoil at the site. Core Borings 1 and 2 are representative 
of the soil conditions at Tanks 1 and 2 respectively. All soft material was 
excavated from the slough beneath Tank No. 2 and a rolled clay fill was 
placed, the thickness varying from zero to 12 ft. below the bottom of the 
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SECTION 
FIGURE 3 
foundation ring. Optimum dry weight of the fill material was 110 lbs./cu. ft., : 
and compaction to 98% of optimum was obtained by means of sheeps-foot ae 


rollers. The average depth of oil maintained in these tanks is about 25 ft. 
Settlement has been as follows: 


Tanks During Water Test Total to Date 
Maximum Differential Maximum Differential 


1 2-1/2" 1-1/4" 3-7/8" 1-1/4" Bes 
2 1-5/8" 1/2" 4” 1-1/8" q 


Laboratory tests indicate that the total settlement above represents approxi- 
mately 60% of the ultimate under the imposed loading. - 


Tanks 3 and 4 a 


This pair of 150' x 48' floating roof tanks was constructed simultaneously 
in 1954 at 375 ft. centers. Tank No. 3 was built on natural soil while Tank No. ily 
4 straddled a firewall, with one quarter of the ring located in a slush area = 
associated with an old dismantled tank. Soil conditions at the site are shown a 
by Core Boring No. 3. In an effort to limit differential settlement of the Bol: 
circumferential foundation ring of Tank No. 4, a 7 ft. deep trench was exca- * 
vated completely around the periphery of the tank as shown in Fig. 4. The 
trench was then backfilled to the bottom of the foundation with a select clay 
which was compacted by means of sheeps-foot rollers to 95% of the Proctor 
density. 

Tanks 8 and 9 are two 150' x 48' tanks located at a site for which the soil 
conditions are very similar to those existing at Tank No. 3, and as shown in i 
Core Boring No. 3. Both tanks were built on natural soil. An average depth 
of 25 ft. of oil is maintained in these four tanks, 
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Oil Storage Tanks 
Settlement Data 
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TABLE 


OIL STORAGES 


SETTLEMEN 


ELEVATIONS 


1863-6 SM 5 PC a 
D/ 
TANK NO. SIZE DATE 1 2 3 4 ae 
140x48 | 8-13-53 | 21.00 21.03 21.00 21.00 
42-30-53 | 26.02 | 26.06 25.98 25.96 
| 25.89 =| 25.94 25.87 25.75 
3-19-58 25.70 25.87 25.76 25.64 
2 | 11-19-53 | 20.96 21.02 20.95 20.95 
11-23-53 24.82 25.22 24.8 4.80 
(11-27-53 | 24.77 25.18 24.77 24.75 
12-10-53 | 24.83 25.23 24.82 24.80 
3-19-58 | 24.62 25.03 24.61 24.55 
= 
2 3 | 150x48 | 7-7-54 | 28.48 28.46 28.51 28.50 
28.15 28.14 28.25 28.29 
28.08 27.90 27.85 
150x498 | 7-954 | 28.49 | 28.51 28.51 28.50 
11-4-54 | 28.50 28.50 28.47 28.45 
11-10-54 | 28.37 28.34 28.30 2.33 
| _3-19-58 | 28.27 28.17 28.12 28.23 
7 5 -400x 40 | 1-7-54 | 29.34 | 29.35 29.34 29.33 
4-11-54 29.25 29.26 29.24 29.25 
| 5-355 29.13 | 29.15 29.16 29.15 & 
3-19-58 28.96 29.01 29.01 28.99 


OIL STORAGE TANKS 


SETTLEMENT 
DATA (FT.) 


PRESSURE 
UNDER RING REMARKS 
a/FT2 
525 TOP OF RING - TANK NOT CONST. 
1130 MARK ON SHELL - 5’ + ABOVE RING 
TANK EMPTY 
MARK - TANK FULL OF WATER 
12’ OIL IN TANK 


3510 
1630 


TOP OF RING - TANK EMPTY 
LUG ON SHELL - TANK EMPTY 
UG 
LUG ON SHELL - FULL OF WATER 
LUG ON SHELL - TANK EMPTY 
12’-9” OIL IN TANK 


TOP RING - TANK NOT ERECTED 
TANK FULL OF WATER 
37’ OIL IN TANK 


TOP RING - TANK NOT ERECTED 
14’ ‘WATER IN TANK 

TANK FULL OF WATER 

38’ OIL IN TANK 


TOP RING - TANK EMPTY 
TANK FULL OF WATER 
.21 .03 2030 TANK CONTAINS 18’ OIL AT 2700F 
CONTAINS 21’ OIL AT 270°F 


J 
N 1 Page ] 
| 4 2 | 
TANKS 
OATA | 
MAX. DIFF. 
i 
a 
.21 
.32 13 | 
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1130 
1130 
08 O 
.04 3510 | 
08 .04 1130 
33 .09 1660 
= 450 
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TABLE 


OIL STORAGHE T 
SETTLEMEN D 


ELEVATIONS 


150 X 48 
10 


3-19-58 | 28.94 


TANK NO. SIZE DATE 1 2 3 sg 
160 X 48 11-12-56 | 25.61 | 25.58 | 25.58 | 25.58 
4-26-57 | 25.59 | 25.58 | 25.57 | 25.56 
_ | 25.42 | 25.44 | 25.45 | 25.43 
1-17-58 | 25.37 | 25.41 | 25.43 | 25.39 
73'-4" x 40’ | 8-24-54 17.00 | 16.98 | 16.99 | 16.99% 
aii 10-1-54 16.97 | 16.93 | 16.94 16.968 
: 10-13-54 16.75 16.70 | 16.75 16.79 
10-18-54 | 16.64 | 16.57 | 16.62 | 16.70 
| _ 10-19-54 | 16.62 16.52 | 16.61 | 16.68 
eee 10-20-54 | 16.61 | 16.50 | 16.59 | 16.67 
10-22-54 | 16.61 16.49 16.60 | 16.68% 
_ 10-29-54 16.64 16.53 16.63 16.71 
3-28-55 16.60 __ 16.53 16.63 | 16.68 
48 | 5-7-54 | 29. 9.30 | 29.31 29. 
a __| 518-54 | 29.03 | 29.06 | 29.00 | 29.015 
5-24-54 | 29.12 _29.13 | 29.07 | 29.08 
3-19-58 | 28.75 28.77 28.51 28.43 
=~ 5-7-54 | 29.09 | 29.09 | 29.08 | 29.04—™ 
5-24-54 | 28.85 | 28.80 | 28.85 | 26.81 By 
, 3-19-58 | 28.63 28.47 28.53 | 28.63 
12-30-53 29.29 29.30 29.29 | 
5-3-55 29.09 29.09 29.04 | 29.06 


OIL STORAGE TANKS 


SETTLEMENT 
DATA (FT.) 


PRESSURE 
UNDER RING 
#/FT2 
2900 
1900 


REMARKS 


TOP RING - TANK NOT ERECTED 
TOP RING - TANK EMPTY 
TANK FULL WATER 
_AFTER 7 MO. SERV. - 2 FULL OL 


TOP RING - TANK NOT ERECTED __ 
_TANK EMPTY 

TANK FULL OF WATER 
TANK FULL OF WATER 
TANK FULL OF WATER 
TANK FULL OF WATER 
TANK FULL OF WATER 
TANK FULL OF WATER 
TANK EMPTY 
CONTAINS 17 FT. OF OIL 


TOP RING - TANK EMPTY 

TANK FULL OF WATER) 
TANK EMPTY 

"36.5 FT. OIL IN TANK 


TOP RING - TANK EMPTY 
TANK FULL. OF WATER | 
40. FT. OIL. IN TANK _ 
TOP RING - TANK ‘EMPTY fo 
TANK CONTAINS 18’ OIL ‘AT 2700F 


_TANK CONTAINS 21’ OIL AT 270°F 


Pt. 
1 > 
9 q 
N Page 2 
B TANKS 
| 
MAX. DIFF. 
| .o2 .02 
__:19 | ag 
.38 17 2200 
ae 2200 ; 
.49 18 2200 
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OIL STORAGE TANKS 


Settlement has been as follows: 


During Water Test 


Total to Date 


Maximum Differential Maximum Differential 
3 i 1-1/2" 8-1/2" 4" 
4 2-1/2" 4-3/4" 
8 9-1/2" 4-1/2" 
9 3-1/2" 3/4" 7-1/2" 2-1/2" 


Tanks 5 and 10 


These two 100' x 40' tanks were constructed simultaneously in 1954 at 


250 ft. on centers. They are unique as compared to the other tanks included 


in this survey because the oil stored is maintained at a temperature of 270° F. 


The tanks are completely lined on the inside with 2" of shotcrete 


for insu- 


lation and have a 12" layer of slag within the ring, as shown in Fig. 5A. The 


detail of the foundation ring is shown in Fig. 5B. The soil at this 
similar to that at Tanks 3 and 4 and as shown in Core Boring No. 
age depth of 18 ft. of oil is maintained in these tanks, 

Settlement of these tanks has been as follows: 


Tanks During Water Test 


site is very 
3. An aver- 


Total to Date 


Maximum Differential Maximum Differential 
2-1/2" 1/4" 4-1/2" 1/2* 
10 3" 3/4" 


Tank No. 6 


This 160' x 48' floating roof tank was constructed in 1957, and 


The settlement for Tanks 3, 4, 5, 8, 9, and 10 represents more than 90 per 
cent of the ultimate settlement that can be expected under the imposed loads. 


like Tank 


No. 2, straddled an old creek about 12 ft. deep. The site had previously been 
used as an incinerator area, the refuse from which had been spread over the 


creek bed with a bull-dozer. 


The entire area had been filled and leveled a 


few years later with a sandy clay material that was merely dumped and 
spread with no effort towards compaction. Core Boring No. 4 describes the 


soil conditions and Fig. 6 shows a cross-section through the site. 


By the time 


construction began on Tank No. 6 the sandy clay fill had reached a well com- 
pacted state by natural consolidation. The incinerator material, however, 
contained at least one of practically every item known to man, including 5 
gallon drums and 55 gallon barrels. All of the incinerator refuse within an 


area extending 10 ft. outside the periphery of the tank was excavated and back- 


filled to proper grade with a select clay, compacted under the constant super- 


vision of a soils consultant. 
2" with a differential settlement of 3/4". 


Settlement of this tank during the water test was 
The total settlement after 7 months 


service was 2-1/2" with a differential settlement of 3/4". On the average, a 


depth of oil equal to one half the height is maintained in this tank. 


Tank No, 7 


This 73' x 40' tank was constructed in 1954 for the storage of petro- 


chemical products. Considerations other than structural dictated that, if at 


all feasible, the tank should be located on a site that had been used a few years 
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TANK No6 


ROLLED CLAY 
25.50 


RECENT SANDY-CLAY ORIGINAL GROUND 


FILL 
/0.0 WWCINERATOR FILL 


SEE CORE BORING NO 4 


FIGURE © 


earlier as a disposal area for dredgings. The 7 ft. of hydraulic fill had subse- 
quently been covered with 2 ft. of land fill. This was the situation at the site 
when the tank was constructed, as shown in Fig. 7A. The sludge and sand 
represents the initial dredgings and was of about the consistency of creamy 
style peanut butter. The top layer of clay and gumbo was fairly compact. 
Consideration was given to driving wood piles under the tank with a heavy 
concrete cap, and as an alternate to driving continuous steel sheet piling 
around the periphery of the tank. In view of the extensive area in which the 
soil conditions were as represented by Fig. 7A, considerable savings could 
be realized in the construction of future tanks in this area if such expensive 
measures were not necessary. The shearing resistance of the dredged ma- 
terial was estimated to be 225 psf, based upon the height to which open cuts 
would stand. It appeared that there was an even chance that the soft material 
would not flow appreciably under the load to be imposed. It was decided, 
therefore, to take a calculated risk and use only a concrete ring. It was real- 
ized that jacking up and releveling the tank might be required periodically. 
The top of the concrete ring was set 2'-6" above grade to allow for consider- 
able settlement. The tank was filled with water and allowed to stand for 9 
days to see if any displacement of the soft sludge would occur. Settlement 
amounted to 6 inches and was surprizingly uniform. Differential settlement 
of the ring was only 2". Total settlement to date has been 7-1/2" with a 
differential settlement of 2-1/2". The pattern of settlement during the water 
test is shown in Fig. 7B. The first 12 days represents time spent filling the 
tank; emptying occurred from the 21st to the 28th day. 


Comparison of Theoretical and Actual Settlements 


The total settlement that a tank undergoes is composed of (1) that due to 
consolidation of the soil over a long period of time, and (2) an “elastic” type 
deformation due to the maximum short time loading that occurs during the 
water test. Total settlement due to consolidation of the soil has been comput- 
ed for a 150' x 48' tank based upon a long time load of 24 ft. of oil having a 
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SLUDGE SAND - Yo YELLOW 


SAND 


HYDRAULIC FILL 
FIGURE 7A 


SETTLEMENT RECORD 


DAYS AFTER START OF WATER TEST 
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FIGURE 78 
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specific gravity of 0.85, and having a foundation ring as shown in Fig. 2B. 

The computation was based upon the soil conditions illustrated in Core Boring 
No. 5, which is typical for the greater part of the area involved in this study. 
The round black dots in the “symbol” column denote depths at which samples 
were taken for laboratory consolidation tests. The e-log P curves from these 
tests are shown in Fig. 8. Except for the top 8 ft. layer of gumbo, it was as- 
sumed in the settlement calculations that the laboratory e-log P curves repre- 
sented the recompression curve of a preloaded clay. Changes in void ratio 
with pressure were thus read directly from the laboratory curves. Com- 
pression of the top layer was computed as virgin consolidation due to the 
difference in the imposed pressure over the pre-consolidation pressure. The 
calculated settlement at the edge of the tank was 6.9", with the various sub- 
surface strata contributing as follows: 


Depth Consolidation of Layer 

8' 2.9" 

8-18" 1.1" 
18-32' 1,3" 
32-48' 0.8" 
48-68' 0.5" 
76-104' 0.3" 


The “elastic” type settlement that occurs during the water test has been 
computed for a 100 ft. diameter tank by means of the Newmark2 influence 
charts, assuming E = 1,000,000 lbs. per sq. ft., and u = 0.5. It was further 
assumed that the foundation ring was so proportioned that the unit soil 
pressures under the ring and the center of the tank were approximately equal. 


2. “Influence Charts for Computation of Vertical Displacements in Elastic 
Foundations’, by Nathan M. Newmark, published by the University of 
Illinois press, 1947. 
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The settlement for a tank of any other diameter “D” is equal to the ratio 
D/100 times the value shown for a 100 ft. tank. Observed settlements at the 
edge of actual tanks have been converted to the equivalent settlement of a 100 
ft. tank by means of the above ratio and are plotted in Fig. 9. The plotted 
settlements are the maximum that occurred anywhere on the ring. 

Combining the two components of settlement for a 150' x 48' tank gives a 
total settlement at the edge of 9.6 inches. This compares with an average ob- 
served settlement of 8.0 inches. 

In closing, the effect of differential settlement upon the gaging accuracy of 
a tank might be discussed briefly. Assuming that the nature of the settlement 
is such that the tank tilts and the bottom remains a plane surface, Fig. 10 
shows the gaging error. It is interesting to note that, within practical limits, 
the gaging error per foot of gage is independent of the tank diameter and de- 
pends only upon the magnitude of the differential settlement. 
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THEORETICAL SETTLEMENT 
OF 100 FT DIAMETER TANKS 


COMPUTED BY USE OF NEWMARK CHARTS 


SOIL PRESSURE - KIPS PER SQ. FT 
FIGURE 9 
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CORE BORING No.1 


DESCRIPTION 


£6 


PLASTIC TO STIFF, DARK 
GRAY CLAY, ORGANIC 


STIFF TAN £& GRAY CLAY. 
CALCAREOUS BELOW 5.5; 
SLICKENSIDED BELOW 8' 


RED € L/GHT GRAY CLAY 
BELOW /4' 


———— WATER LEVEL 


CORE BORING Na 2 


_| COHESION - TONS/SQF7. 

surrace NIRS 


“I STIFF, DARK GRAY CLAY, ORGANIC, 
CALCAREOUS 


TAN & GRAY CLAY BELOW 65° 


L 


STIFE LIGHT GRAY € TAN 
SILTY CLAY 


SAND SEAMS BELOW /8' 
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DESCRIPTION 
” 


SURFACE EL. 276 


| DEPTH - FT 


é = MOISTURE CONTENT- “/o 
g 


PLASTIC TO STIFF, GRAY ¢ TAN 
CLAY, ORGANIC 


PLASTIC TO STIFF. TAN € L/GHT 
(/, GRAY CLAY, CALCAREOUS - VERY 
SANDY £ SILTY BELOW /0 FT 
FIRM TAN LIGHT GRAY SILTY 
SAND WITH CLAYEY SILT € SILTY 


CLAY SEAMS €& STREAKS 
OMS WATER LEVEL AT 65 FT DEPTH 


SAND SEAMS To 4 FT 
TAN & VERY SANDY AT @ FT. 


TAN, SLIGHTLY CLAYEY, FINE SAND 


VERY STIFF, LIGHT GRAY £ TAN CLAY 


LIGHT GRAY € TAN, FIVE SAND 
N CLAY SEAMS 


VERY STIFF, GRAY £ TAN CLAY, 


N FERROUS NODULES -SAND 27° 
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CORE BORING No.5 


DESCRIPTION 


SURFACE ELEV. 30.0 MSL 
STIFF, DARK GRAY CLAY, 


1 ORGANIC 


Z 


SILTY SAND SEAMS 12'7018' 
SLICKENSIDED BELOW 


RED € LIGHT GRAY CLAY 
CALCAREOUS 27° To 31° 


STIFF, TAN € LIGHT GRAY SANDY|, 
CLAY, CALCAREOUS 


| SILTY BELOW 38° 


STIFF, TAN € LIGHT GRAY 


STIFF, TAN € LIGHT GRAY 
SANDY CLAY, CALCAREOUS 


HARD By 58 


LIGHT GRAY FINE SAND 
VERY STIFF, TAN € LIGHT GRAY 
CLAY 


SANDY € FINE SANO SEAMS 
BELOW 89° 


ry 


December, 1958 


70 || 6 | 
WATER LEVEL AT 8.0 FT i 
0 STIFF. TAN LIGHT GRAY BELOW 8' foo! 
0 
0 
| 
| 
0 
| 
| 


Paper 1864 December, 1958 SM 5 


Journal of the 


SOIL MECHANICS AND FOUNDATIONS DIVISION 


Proceedings of the American Society of Civil Engineers rales 
DESIGN AND CONSTRUCTION OF THE AMBUKLAO ROCK FILL DAM#® 
‘ E. Montford Fucik,! M. ASCE and 
Robert F. Edbrooke,? A.M. ASCE 
(Proc. Paper 1864) 


SYNOPSIS 


The problems of designing and constructing a 430 foot high, vertical core 
rock fill dam are described in this paper. As nearly as can be determined, 
this is the highest dam of this type in the world now operating at maximum 
reservoir level. The Ambuklao project consists of, in addition to the dam, a 
chute spillway, underground powerhouse, and low level outlet works. The 
river was diverted through three tunnels in the right abutment of the canyon, 
two of the tunnels being converted for use as a power tunnel and low level 
outlet tunnel after diversion. 

Field exploration and sampling, coordinated with laboratory and field test- 
ing provided a sound basis for the selection and design of the dam. 

Records of settlement and seepage after operation at maximum reservoir 
bear out the adequacy of design and construction procedures. 


General Description 


The Ambuklao Rock Fill Dam is part of the Ambuklao Hydroelectric 
Project, located on the Agno River, Island of Luzon, Republic of the 
Philippines. The Project is owned and operated by the National Power 
Corporation, a Philippine government owned corporation whose function it is 
to develop hydroelectric power projects throughout the Republic. The total 
cost of the Project was about 132,000.000 pesos ($66,000,000), of which about 
$20,000,000 was loaned by the Export-Import Bank of the U. S. The remain- 
funds, 92,000.000 pesus ($46,000,000) were provided by the Philippine Govern- 
ment. 


Note: Discussion open until May 1, 1959. To extend the closing date one month, a 
written request must be filed with the Executive Secretary, ASCE. Paper 1864 is 
part of the copyrighted Journal of the Soil Mechanics and Foundations Division, 
Proceedings of the American Society of Civil Engineers, Vol. 84, No. SM 5, 
December, 1958. 

a. Presented at the June, 1957 ASCE Convention in Buffalo, N. Y. 

1. Executive Vice Pres., Harza Engineering Co., Chicago, Ill. 

. Asst. Project Mgr., Harza Engineering Co., Chicago, III. 
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The construction of the Project was started in 1952, and the first generat- 
ing unit was put in operation in December, 1956. 

Figure 1 shows the location of the Project in relation to Manila, where the 
bulk of the power generated at Ambuklao is used. It can be seen that the 
Project is about 135 miles from Manila. 

The Agno River has a drainage area of about 265 square miles above the 
damsite. The flow regimen of the river has a distinct dry season and a wet 
Season. As can be seen in the river hydrographs in Figure 2, the dry season 
extends from about December to April, and the wet season from May to 
November. This well defined runoff pattern, typical of most areas in the 
Tropics, was very influential in determining the pattern of the construction 
procedures on the dam. 

The maximum flood of record at the damsite was estimated to have had a 
peak daily flow of about 210,000 cfs, which is equivalent to a runoff of about 
800 cfs per square mile of drainage area. This high runoff is not surprising 
when it is realized that a rainfall of 48 inches in 24 hours has been actually 
recorded at Baguio City about 12 miles from the site! The spillway design 
flood for the Project is 390,000 cfs. 

Figure 3 is a plan of the major structure of the Project. The rock fill dam 
is placed at a narrow point in the river valley, and the spillway is located at 
the left end of the dam. This spillway location takes advantage of the return 
loop made by the river downstream of the dam, and thus the discharge from 
the spillway enters the river about a mile downstream from the toe of the 
dam, riverwise, but only 500 feet away measured in a straight line. 

The spillway, as shown in Figure 3 and Figure 4 (cross-section) is a high 
chute section, controlled by seven tainter gates, each 12.5 x 12.0 meters. 
The gates are operated by individual motor operated gate hoists, controlled 
from the power station. The shape and elevation of the spillway bucket was 
established as a result of model tests carried out at the hydraulic laboratory 
of the University of the Philippines. The bucket is proportioned to throw the 
water out from the slope below the bucket into the river. Observations of the 
flows passed over the spillway so far indicate good correlation between the 
model results and the prototype. 

Diversion through power tunnel “C” also takes advantage of the large loop 
in the river. By running this tunnel underneath the river at the dam axis, and 
into the river at the point where the loop returns, an additional head of about 
60 feet was possible, resulting in a saving in tunnel size for passing the flows 
during the diversion period. 

The power station is located in an underground cavern in the right abut- 
ment, and here also advantage is taken of the sinuous course of the river. As 
is shown on Figure 3, the tailrace tunnels from the power station runs under 
two bends in the river and exits to the river about 7200 feet from the power 
station. The 180 feet of additional gross head obtained by this length of tail 
tunnel proved well justified economically. 

The water for the turbines enters through an intake tower in the reservoir, 
located at the upstream end of the power tunnel “C.” This tunnel is utilized 
to carry the flow to a point over the power station, where it is divided into 
three penstocks. Each penstock has two valves ahead of the turbines. There 


are three generating units, operating at a normal head of 505 feet, and each 
generating 25,000 kw of power. 
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Geology of the Site 


At the Ambuklao damsite the river flows from north to south in a narrow 
gorge between two ridges, the western ridge being composed of metamorphic 
rocks and the eastern ridge of both metamorphic rocks and diorite. Above 
the gorge the river is in a relatively wide valley which will form the reser- 
voir basin. Below the gorge the river flows in a narrow meandering valley. 

The principal rocks of the Agno Valley in the vicinity of the Ambuklao 
damsite are diorite and a series of metamorphosed andesite, tuffs, lavas, 
and sedimentary rocks. The members of this series were laid down as lava 
flows and water deposited sediments in Tertiary times. After deposition 
when those rocks were buried deep beneath the surface they were subjected 
to mountain building forces which produced numerous fractures and incipient 
fractures. The lavas and sediments were metamorphosed and their original 
characteristics altered. While still buried far beneath the surface these 
metamorphosed lavas and sediments were intruded by molten diorite. Asa 
result the contact of the diorite and the metamorphosed rock is extremely ir- 
regular but it is practically everywhere a tight, fused contact. Both the meta- 
morphics and the diorite have been intersected here and there by fault or 
shear zones. The entire series of metamorphosed lavas and sediments is 
referred to as the metamorphics. There is also in the right abutment ridge 
far back from the end of the dam an elongated intrusive body of granodiorite. 

The rocks of this region are deeply weathered as is true practically every- 
where in the humid tropics, therefore, hard unweathered rock is seldom ex- 
posed except where there has been geological recent erosion. Exposures of 
weathered rock give little indication as to the true characteristics of the un- 
weathered rocks. Below the zone of weathering, however, the rocks are hard, 
though brittle, and the fractures are generally tight. This is illustrated at 
the Ambuklao damsite where the metamorphic rocks of the left abutment 
ridge are deeply weathered and appear to be in very bad condition but where 
seen in tunnels, these metamorphic rocks are hard and generally tight. 

The geologic conditions at damsites in the tropics are in many ways oppo- 
site to those found at damsites in cold countries. In the tropics the rocks in 
the abutments are practically always deeply weathered and in poor condition, 
but the rock under the river bed is usually in good condition and the depth to 
bedrock is generally not excessive. In the glaciated regions of the northern 
countries, however, the abutments are generally in good condition with sound 
rock at or near the surface, but under the river the depth is often excessive. 
This contrast of conditions at damsites in the tropics and in northern regions 
must be taken into consideration in comparing damsites in the tropics with 
those with which American engineers are more familiar. 

Figure 5 is an areal geologic map of the damsite. About 150 diamond core 
drill holes were drilled in the damsite area (not all indicated on Figure 5), to 
determine the geologic and engineering characteristics of the underlying rock. 
Based on the evidence from these borings and surface observations, it was 
concluded that the rock in the abutments and in the river bed was not suffi- 
ciently strong to withstand the pressure which would be developed by any 
economically feasible type of concrete dam. The presence of satisfactory 
quarry rock in the valley sides near the damsite led to the selection of a rock- 
filldam. Abundant clayey material for use in the core was also available 


near the tops of the adjacent hills. A geologic section along the axis of the 
dam is shown in Figure 6. 


4 
We 
4 
agi | 
a 
a 
and 
— 
g 


December, 1958 


SM 5 


1864-8 


OO ADQIOID WIA 
Ganby CID 


— iF 
a 
\ — a | 
= 
f 


9 en ly 


OY 


NOILIZS 


SIPJBWOSG 


ouby 


= 
A 
< 


| KEM 


PHC 


— 
TIT 
— 
| | 
+ 
— 
+ 
4 
q 
> | 
| 
> 
| 
«| 
| 
| 
| 
| » —— 
| 
re 
INN = a 
| 
wy 


1864-10 SM 5 December, 1958 


Testing Program 


To determine the suitability of the rock and clay material for use in the 
shells and core of the dam a rather extensive series of exploratory drifts and 
test pits were carried out. 

In an effort to check the adequacy of the rock in the proposed quarry pits 
for use in the rockfill, a series of crushing tests were made in the labora- 
tories of the National Power Corporation. These tests were concentrated on 
materials from quarries 1A and 2 indicated on Figure 3. These quarries 
were located in areas most convenient for construction. 

Quarry 1A was primarily diorite and initial exploration indicated that a 
small amount of overburden should be expected. Below the overburden the 
large mass of diorite was present and samples recovered from the drill holes 
and exploratory drifts indicated that sharp angular rock could be expected 
from the quarry blasts. Quarry No. 2 was composed of a large mass of meta- 
morphic rocks. This quarry was ideally located for the downstream rockfill 
and indicated a material suitable for the shell. 

The crushing tests were carried out by placing samples of the broken 
rock from the quarry areas in a container and loading the surface of the 
sample with a load equal to the pressure which would be exerted on the 
bottom layer of the rockfill by the overlying fill material. The container 
was a 30'' diameter cylinder about 20'' deep and using a hydraulic jack and 
loading plate 10 inches square a pressure of about 25 tons per square foot 
was developed on the material in the box. The settlement under the load as 
shown in Figure 7 and the gradation curves of the rock before and after the 
test indicated how much the rock might break down under the pressures to be 
expected in the dam. Prior to this test the genera! expectations were that the 
diorite would prove to be much stronger than the metamorphic rock. The re- 
sults were so contrary to what had been expected by visual inspection of the 
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two rock types that at first it was suspected that the results had been reversed. 
However, the breakdown of the diorite during blasting, handling, and placing in 
the dam was much greater than the metamorphics, indicating the value of such 
tests as an indicator of the relative values of different rocks for use in rock- 
fill. 

In addition to the rock crushing tests, the more usual tests of compaction, 
grading, triaxial and consolidation tests were made on the core material from 
the borrow pit areas. Examination of the borrow pits disclosed that high 
moisture contents could be expected throughout the year. The natural mois- 
ture contents ranged from 5 to 10% above the optimum moisture content. The 
long rainy season and high humidity (even in the dry parts of the year) were 
the prime factors causing this condition. 

Three field test fills using the impervious borrow materials were made 
under conditions simulating those expected during construction of the dam. 
Laboratories of the National Power Corporation tested samples of the test 
fill to determine compaction, shear strength and permeability. Additional 
samples we sent to the USA for confirmation tests and triaxial shear tests 
since the National Power Corporation did not have access to a triaxial ma- 
chine. 

Approximately ten quick triaxial series were made in the U.S. at varying 
moisture contents. The triaxial tests were run at 1, 3 and 5 kg/cm2, which 
was considered sufficient to establish the trend of the materials’ characteris- 
tics when coordinated with consolidation and permeability tests. The tests 
indicated that high pore pressures could be expected at moisture contents 
above the optimum. Armed with this information the field testing program 
was extended to determine if there was a possibility of reducing the moisture 
content by additional scarifying of the borrow material. The scarification 
proved to be a long and expensive procedure of dubious effect, in fact, a re- 
duction of the moisture content 5% required two or three days of scarifying. 
Therefore, the design was predicated upon having high pore pressures in the 
core, 


Design 


Preliminary layouts, stability studies, and quantity take-offs were made of 
three types of dams: 


1. Large earth fill core with rock shells 
2. Sloping core rock fill (Fig. 8) 
3. Narrow center core rock fill (Fig. 9) 


These design studies indicated that a dam with a large center core of earth 
would require flatter slopes for stability than either of the rockfill types. 
Also the earthen fill presented a difficult construction problem because of the 
high humidity and rainfall at the site. The choice then narrowed down to a 
sloping core or vertical core rock fill. 

The design studies indicated that a rockfill dam with a vertical core could 
be built with less quantities of material than a sloping core rockfill. Referring 
to Figure 3 it can be seen that the downstream shell of the dam is at a much 
narrower section of the canyon than the upstream section. A sloping core dam 
permits a steeper downstream slope than for a vertical core, but requires 
some flattening of the upstream slope because the core is located in an area 
of high shear stress, and thus requires more rock shell for stability. 


F 
; 
t 
} 
3 
J 
q j 
tet 
4 3 
\ 


December, 1958 


SM 5 


1864-12 


OG 4) 


(Aprys 
WOO INIGOTS NAHL NO/LIFIS 


MY 


SNOMASIG 07 


OF 
2buey? adojo7 


des-Oe7 


£0252 17 Mi 


| 
> 
| 
| 
; 
q 
~ 
| 
~™ 
\/8 
x 
| 
» 
- 
= 
= 


7 
6 wnbly 


OF 


WUC OV IMNGWY NAHL NOILITS 


Wepsa4 02 
obeys pug .. — 


aul/ 


= 
< 
Qa 
$NOIAs 
26uey? 


ASCE 


34 

~ 
| 
S 
= 
| Bes 
4 


1864-14 SM 5 : December, 1958 


Flattening the upstream slope increased the quantities more than the saving 
made by steepening the downstream slopes. This was a major factor in the 
deciding to use a central core type dam. In addition, the increased contact 
area between the vertical core and the rock foundation gives a longer seepage 
path under the core than could be obtained with a sloping core. This is 
greatly to be desired under the some 400 feet of head to which Ambuklao is 
subjected. 

Another feature of the vertical core design which led to its selection was 
the fact that the full weight of the dam is applied to the contact area between 
the core and the foundation, thus giving the maximum protection against pos- 
sibility of leakage along the contact. The pressure along the contact surface 
of the sloping core, at the foundation level, is considerably less. 

The stability of the dam was analyzed by two basic theories of design, the 
“sliding-wedge” and “slip-circle.” The “sliding-wedge” theory we consider 
the most applicable to the analysis of a structure where in the most critical 
plane of stability is located predominantly in a frictional, non-cohesive 
material. Conversely, when the most critical plane of stability passes 
through a cohesive material of little or no frictional strength, the “slip- 
circle” is the most applicable. 

The vertical core type of rockfill dam is best analyzed by the “sliding - 
wedge” method. Figure 10 shows an example of this analysis for the con- 
struction condition with maximum pore pressure development. 

The “slip-circle” analysis was applied to the left abutment where the 
impervious blanket (discussed below) formed a major part of the dam section. 
Also, as a matter of record, the “slip-circle” was used as an independent 
check of the sections analyzed by the “sliding-wedge” theory. As expected, 
the slip-circle gave grea‘er safety factors because only a small part of the 
circle passes through the weak core material, and thus does not reflect the 
effect of high pore pressures. 

The most critical zones of stability for this dam were, (a) the maximum 
section in the canyon, (b) the left abutment and (c) in the area of the fault 
zone which existed below the upstream shell. 

The narrow ridge that formed the left abutment was analyzed from a 
standpoint of structural stability and seepage. The weathered material of the 
narrow ridge was assumed to be of low shear strength, (a value of 17 degrees 
was considered quite conservative) and the stability was checked by use of the 
sliding wedge analyses. In order to reduce seepage and provide a better cut- 
off in the left abutment, an impervious blanket was placed on the upstream 
face of this narrow ridge and was continuous with the main core of the rock- 
fill dam as partially shown on Figure 4. 

A fault zone extended diagonally across the canyon and on the left bank 
formed the valley immediately upstream of the spillway. A portion of the 
upstream shell was founded on this fault. Examinations revealed that the 
fault zone was a fairly impervious mass throughout. Potential planes of 
leakage were assumed to exist at the edges of the fault zone where the parent 
rock contacted the brecciated material of the fault and necessitated additional 
treatment. The left abutment blanket, mentioned above, was laid out to pro- 
vide additional cutoff and reduce the hazard of excessive seepage through this 
fault zone. Fortunately the fault zone was upstream of the highest foundation 
shear stress area so that a trench, backfilled with rock, provided the neces- 
sary stability to the upstream shell. 
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Except for the foundation of the core, the existing river gravel was left in 
place. The gravels were clean and for conservative design assumptions, in 
keeping with a dam of this magnitude, a value of 30° was used as the angle of 
internal friction in all stability analyses. 

To check the stability under the most severe conditions of pore pressure 
rise and the corresponding loss of strength of the core material the core is 
assumed to act as a fluid mass without shear strength. The minimum safety 
factor of the maximum section, under earthquake, was calculated by the slid- 
ing wedge analysis to be 1.21. Even if this severe condition did exist the 
safety factor would greatly increase as consolidation occurred and pore pres- 
sures were relieved. 

The crest of the dam was constructed about 3.25 feet above the design ele- 
vation to provide for future settlement. With close control during placement 
of the central core and the rolling and spreading and sluicing of the upstream 
shell, it was felt that settlements in this structure would be small. Measure- 
ments of settlement after bear out this assumption in that the vertical settle- 
ment has been less than 6 inches and the downstream movement has been 
about 3 inches. 

For a structure of this magnitude and range in grain size from the fine- 
grained central core to the coarse and massive structure of the rockfill shell, 
the design of filters was extremely important. 

The basis of our filter design was predicated on past experience and 
laboratory test of filter materials on other projects. The grain size relation- 
ship of the 15% size of the coarser material to the 85% size of the finer 
material was specified to be less than a factor of five (5). Also the gradation 
of each material should be sufficiently uniform to prevent piping or migration 
of particles within the limits of each material. 

There were three stages or types of filters provided on the downstream 
face of the vertical core and two stages provided on the upstream face of the 
vertical core. The transition on the upstream side of the core could be ac- 
complished in two stages of filter. The finer grained upstream shell made 
this possible, however, on the downstream side of the core the range in 
gradation required the addition of a third stage of filter to prevent possibility 
of migration of either the core materials or the filter materials into the 
downstream rockfill shell. The gradation of the filters is as shown on Figure 
11. The gradation of these filters could be made comparable to that required 
for the concrete aggregates. This permitted some economy of production and 
reduced the number of operations required to produce filter materials and 
concrete aggregates. 

The freeboard provided to protect against overtopping by wave action under 
typhoon winds was about 13 feet. Although the freeboard is about 19.5 feet at 
normal operating pool elevations the design freeboard is measured from the 
surcharged pool elevation that would occur during the event of a design flood. 
To minimize the cost of the allowance for freeboard, a hand-placed rock 
parapet was provided above the roadway to compensate for the surcharged 
pool condition. The calculation of the anticipated wave height equated the 
fetch, average depth of pool, and wind velocities with adjustments for the ef- 
fect of wave impact on a sloping surface. 


Construction 


The contract for the construction of the dam, spillway, and diversion tun- 
nels was signed in January 1953 with Guy F. Atkinson Company of 
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San Francisco. The contract was on reimbursable cost basis with the fee re- 
lated to the actual costs of the project as compared to the estimated costs, 
adjustments being made for variation of quantities and scope of work. 

The 25 mile access road from Baguio to the site was partially completed 
at the time of the signing of the contract. The National Power Corporation 
and the contractor completed the road to the site. 

After completion of the access road to the site the contractor initiated 
work on the diversion tunnels, cofferdams, and preparation of the quarry 
sites. To pass the expected floods that might occur during the rainy season, 
three diversion tunnels were scheduled for construction. The cofferdams, 
both upstream and downstream were located beyond the limits of the impervi- 
ous core, and where possible within the limits of the rockfill shell as shown 
on Figure 9. 

The first large quarry blast was made at Quarry 1A and gave results that 
were not expected. The weathering process has progressed deep into the 
hillside, in addition to the fractures that had developed in geologic history. 
Therefore, upon blasting the particles ranged from sand size to large boul- 
ders, approximately 60% were smaller than coarse gravel and, therefore, not 
suitable for the usual dumped rockfill construction methods. Grain-size 
curves of this rockfill material are shown as Zone D material in Figure 11. 
Since this rockfill shell material was at variance with that assumed in the 
initial design stages, large scale triaxial tests were immediately scheduled 
through the cooperation of the United States Bureau of Reclamation Laboratory 
in Denver, Colorado. Due to the urgency of these tests, about 500 pounds of 
material were flown by air express from the Philippines to Chicago and then 
transported to Denver for the testing program. The triaxial tests were run 
on representative samples of the material from Quarry 1A. Lateral pres- 
sures as high as 75 psi were used to simulate loading conditions anticipated 
in the prototype. Basically, the results of this program indicated that the 
outside dimensions of the dam would not require a revision. The frictional 
strength of this finer-grained quarry material was equal to or better than that 
assumed in the design stages. Frictional shear strength in the order of 40 to 
45 degrees were obtained in these triaxial tests. In order to reduce the 
amount of waste within the upstream shell, Zone C shown in Figure 9, was the 
finest grained material and had the least structural strength, friction angles 
were 35° for design purposes. Placed in this area just upstream of the core 
and below Elevation 710, it has little effect on the ultimate strength of the 
rockfill dam. 

On the upstream side of the dam, cofferdamming was done in two stages. 
The first stage was a low cofferdam, built during the dry season, to turn the 
river into the 13 foot diameter circular diversion tunnel “A.” This was 
necessary to permit a full clean-up of the fault zone that was located under 
the upstream shell. By the advent of the second rainy season of the construc- 
tion period a diversion capacity of 74,000 cfs was required to assure reasona- 
ble safety from overtopping. The higher second stage cofferdam was incor- 
porated within the limits of the rockfill shell. The core was also raised during 
this period and the downstream shell was built to lines that would afford tem- 
porary stability to the core. In this way the maximum amount of equipment 
could be utilized in construction of the upstream shell. 

A late season typhoon named “Cora” caused flows that overtopped the first 
stage cofferdam late in November of 1953 of the first year of construction. 
Repairs were made quickly and very little damage was done to the existing 
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construction and little time was lost. For the remainder of the construction 
program there was little difficulty in diverting the river. 

Tunnels “B” and “C” were designed for passing flood flows. Tunnel “B” 
was a 25-foot diameter horseshoe tunnel and tunnel *C” was a 23-foot diame- 
ter horseshoe tunnel, both were concrete lined throughout their length. After 
diversion tunnel “C” was converted into the power tunnel and the previously 
mentioned 13-foot tunnel “A” became the low level outlet tunnel. Tunnel “B” 
was plugged after the diversion period, having served its function for the 
construction of the project. 

The preparation of the foundation for the core and the shell was started at 


the abutments prior to the closure of the river, then after closure the prepara- 


tion of the central portion was completed. The methods of excavation were 
both hydraulic and by mechanical means as shown in Figures 12 and 13. Por- 
tions of the area under the core where deep depression existed were back- 
filled with concrete. In general the use of hand tamped impervious fill was 
all that was necessary to bring the foundation to a level surface where the 
mechanical equipment could function. 

The grout curtain for the dam is shown in Figure 14. The deep cutoff grout 
curtain was designed to reduce uplift and increase the seepage path so that 


— 


FIGURE 12 
SLUICING LEFT ABUTMENT 
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FIGURE 13 
CORE FOUNDATION EXCAVATION 


gradient would be low and thereby reduce the danger of blow outs and/or ex- 
cessive seepage volume. 

The full depth of the grout curtain was developed by the stage grouting 
method, with a thorough washing and pressure testing prior to grouting. As 
each zone was grouted the permissible pressure was increased for next lower 
zone. The following table shows the pressure used: 


Depth Maximum Design 

Zone To From Pressure Spacing 
1 0 15! 15 psi 5 ft. o.c. 
2 15! 50! 50 psi 20 ft. o.c. 
3 50! 100! 100 psi 20 ft. o.c. 
4 100! 200! 200 psi 20 ft. o.c. 
5 200! - 300! 300 psi 200 ft. o.c. 


The split spacing method was specified for all areas exhibiting large grout 
take and was to be a field adjustment. Packers were used to extend the grout 
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curtain for each successive zone. Split spacing is the procedure whereby a 
primary set of holes is drilled and grouted throughout a section for a depth 
zone at a prescribed maximum spacing and succeeding sets of holes are 
drilled and grouted located so as to split the interval between previously 
completed sets. This process is continued until the spacing is such that no 
appreciable amount of grout can be injected into the hole. The maximum 
spacing prescribed is shown in the table above in the column titled Design 
Spacing. 

Zone 5 holes served as check holes to determine if any deep seated see- 
page channels existed and the pressure tests at 200 feet and 100 feet to the 
bottom of the holes confirmed the general tightness of the area and the effec- 
tiveness of the grout curtain. 

The grouting operations in the lower portions of the canyon were done by 
drilling and grouting through the core material because Of the pressure of 
time. The portion of the hole through the core was cased and the casing set 
iu the rock. The abutments were drilled and grouted from the excavation 
line, prior to placing of the core material. The grouting in both cases was 
carried out by the stage grouting method, using packers. The holes were 
thoroughly washed and pressure tested before injecting the grout, and after 
grouting, deep check holes were drilled and pressure tested to establish the 
effectiveness of the grouting accomplished. A total of 72,500 lineal feet of 
grout holes were drilled and grouted with an average take of 0.3 bags of 
cement per lineal foot of hole. The split spacing for zones 2, 3 and 4 started 
at a 20 feet on centers. The closest spacing was 5 feet for zone 2, 10 feet 
for zone 3, and 20 feet for zone 4. The zone 5 check holes were pressure 
tested by packers set at each zone and finally grouted indicating the suitabili- 
ty of the completed grout curtain. In general the holes were very tight. The 
highest take was encountered in the spillway area and the lowest in the canyon 
floor. This was in keeping with the general geologic analogy put forth in the 
early part of the report, i.e. the best rock could be anticipated below river 
level. 

Placement of the rockfill shell, filters and impervious core was a con- 
tinuous operation except for short periods when the rains made core place- 
ment impossible. The maximum rate of placement was about 500,000 cubic 
meters (650,000 cubic yards) per month including all zones. 

The upstream shell zones C and D were placed in 24'' layers and com- 
pacted by rubber tired rolers and sluicing. The materials from the upstream 
quarries broke down quite fine and were not suitable for the more usual ):ock- 


fill placement by end dumping and sluicing. Sluicing operations, however, 


were very effective in creating a compact mass. The 50-ton rubber tired 
rollers were very valuable in locating areas of below optimum compaction. 
In two passes, soft spots would be quite evident and remedial measures could 
be taken immediately. 

The impervious core and filter materials were placed and compacted to- 
gether. The compaction equipment was rubber tired rollers of 50-ton capacity 
with tire pressure of 80 to 100 psi. In general four passes on 18 inch layers 
provided satisfactory compaction in both the core and filter zones. Near the 
75% completion point, it was realized that there was a possibility of a shortage 
of the first stage filter material. The specified thickness had been 10 feet for 
ease in placement by end dumping from trucks. This was reduced to 3-1/2 
feet and placement was done by dumping into a sliding form with some hand 
tamping of the faces prior to placing additional core or stage 2 filter material. 
Figure 15 indicates the operation near the crest of the dam. 
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The downstream shell Zone D material was composed of large boulders , 
grading down to smaller sizes. This material was suitable for placing by i xnyete! 
end dumping and sluicing as shown in Figure 16. The hydraulic monitors \ 
were directed so that they forced the fines down into the fill reducing the i 
voids and thus keeping future settlement to a minimum. The lifts for end 4 
dumping varied from 30 to 90 feet, generally in the lower ranges. bd 

The rip rap on the upstream face extended from below minimum drawdown fe 
level to the crest. A parapet of hand placed rockfill was provided above the P 
roadway for protection from wave action and also service as a guard rail. — 


SUMMARY 


The filling of the Ambuklao reservoir was started in the wet season 1955, 
and the reservoir was filled to elevation 740 M, spillway crest elevation, by 7 
early 1956. Observations of the completed structure indicate that it is per- i 
forming satisfactorily. Very little seepage is evidenced through the left 
abutment ridge, indicating that the blanket on the upstream face of this ridge 
is performing well. Some seepage is still in evidence into the access tunnel 
and power station cavern in the right abutment and grouting is being done to 
seal this off. It appears probable that the grout curtain in the right abutment 
will have to be extended to provide additional cutoff. 

The satisfactory performance of this high rockfill dam provides additional 
evidence that dams of this magnitude can be constructed economically and 
safely where a concrete dam would not be suitable, thus opening up for de- 
velopment damsites that might otherwise not be developed. Figures 17 and 
18 are photographs of the completed project and figure 19 is a summary of 
significant data. 

Mr. Fileman Rodgriquez, M. ASCE, was General Manager of the National 
Power Corporation during the construction. His assistant was Mr. F. M. 
Zablan, M. ASCE, who is now General Manager. Resident Fngineer was 
Mr. Crispin Ubaldo, ASCE, and the Chief Construction Engineer was Mr. 
Ramon Ravanzo. 

Guy F. Atkinson Company of San Francisco constructed the dam and 
spillway. 

The geologic studies were made by Mr. Irving B. Crosby, ASCE, Consult- 
ing Geologist for the NPC, who followed this project throughout its develop- 
ment. 

The liaison between the field and the design office of the Harza Engineer- 
ing Company was provided by Mr. E. Rettig who was stationed in the 


Philippines. 
Mr. E. Montford Fucik, Fxecutive Vice President of Harza Engineering 4 

Company served as the Project Manager and Mr. R. F. Edbrooke was the bs 

Project Engineer in charge of design. 7 : 
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FIGURE 15 
PLACING FILL NEAR CREST 
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FIGURE 16 
PLACING DOWNSTREAM SHELL 
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FIGURE 18 
VIEW FROM LEFT ABUTMENT 
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SIGNIFICANT DATA 
AMBUKLAO ROCKFILL DAM 


Drainage Area 265 sg.miles 


Length of Reservoir 7.5 miles 
Max. Height of Dam 430 feet 
Width at Base 1/455 feet 
Crest Length /480 feet 

Total Volume of Fill 10,050,000 cu.yds. 
Material Characteristics 

ZoneA- Cohesion 500 pst 
Zone B - 35° 
Zone C - 
Zone D- 40° 
River Gravels 30° Figure 19 
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INCREASED RESISTANCE TO DEFORMATION OF CLAY CAUSED BY 
REPEATED LOADING@ 


Discussions by R. G. Ahlvin and D. Hugh Trollope 


R. G. AHLVIN,! M. ASCE.—This is a very worthwhile research program 
and one likely to yield important new knowledge. In connection with the work 
reported, the writer wishes to call attention to several items from work of 
the U. S. Army Engineer Waterways Experiment Station which is, at least 
somewhat, related. 

Fig. 1 is taken from a report of tests conducted on airfield pavement at 
Stockton, California, in 1942.(1) It shows a pattern (for the 40-kip load) simi- 
lar to those in Figs. 6a, 7a, and 14 of the basic paper. Here, however, the 
measure of distress is in thickness of failing pavement rather than in axial 
strain. The break in this curve is caused by the distribution of test traffic 
over three adjacent wheel paths where prior traffic was in a single path. The 
pattern of the companion (25 kip) curve, which is for test traffic in three paths 
throughout, indicates that the break in the 40-kip curve would not have oc- 
curred if the early traffic had been distributed. 

This leads to the question of the build up of residual stresses ina 
pavement construction or triaxial specimen. The residual stresses which can 
be built up by repeated application of a single stress pattern and which lend 
strength to the construction or specimen can be destroyed by a reversal of 
stresses. The authors should perhaps be wary of this phenomenon in their 
studies, 

Fig. 2 shows field data comparable to the test data presented in the basic 
paper. These data are from a report of tests conducted at the Waterways 
Experiment Station in 1949 and 1950.(2) A test section consisting of three 
items of various strengths, all on medium-strength clay-silt subgrade, was 
subjected to loading by twin wheels in one lane and tandem wheels in another. 
In each case, 2000 coverages2 of one loading were applied followed by 2000 
coverages of a significantly heavier loading. Unfortunately, no comparable 
data are available for a test in which the larger loading might have been ap- 
plied with no prior lighter load traffic. However, failures experienced in 
these test items under the heavier loadings rather than showing more strength 
than expected indicated that projections made from the pattern of prior proved 
design criteria were somewhat unconservative. 


a. Proc. Paper 1645, May, 1958, by H. B. Seed, R. L. McNeill and 
J. DeGuenin. 
1. Engr. Chf., Special Projects Section, Flexible Pavement Branch, Soils 
Div., U. S. Army Engr. Waterways Experiment Station, Vicksburg, Miss. 
2. A coverage consists of wheel passes in immediately adjacent paths, 
sufficient to cover the lane being trafficked. 
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Lastly, the writer wishes to refer to some triaxial testing conducted at 
the Waterways Experiment Station on a fine, uniform, dry sand in which the 
specimen was loaded repeatedly. Cycles of loading were 50 or less rather 
than the thousands of load repetitions reported by the authors. However, just 
as in the work reported for sands, the results show that successive appli- 
cations of loading increased the stiffness of the specimen but had no signifi- 
cant effect on its ultimate strength. 

In summary, the writer believes the authors are doing an excellent piece 
of work and wishes to commend them highly on it. 


REFERENCES 


1. Report on Stockton Runway Test Section, State of California, Department 
of Public Works, Division of Highways, 28 September, 1942. 


2. U. S. Army Engineer Waterways Experiment Station, Corps of Engineers, 
Design of Flexible Airfield Pavements for Multiple-Wheel Landing Gear 
Assemblies, Report No. 1, Test Section with Lean Clay Subgrade. Water- 
ways Experiment Station Technical Memorandum No, 3-349, Vicksburg, 
Mississippi, September, 1952. 


D. HUGH TROLLOPE,! A. M. ASCE.—This paper marks yet another valu- 
able contribution by Professor Seed and his colleagues on this very important 
topic. As with the work reported previously one cannot but be impressed 
with the excellence of the experimental work and its collation. 

In the present study two factors in particular emerge. Firstly, that repeat- 
ed load applications can, under appropriate conditions, affect considerably 
the stress strain properties of the soil and secondly that intensive research 
is necessary to evaluate the resulting behavior. It is interesting to note that 
for the tests described the induced structural effects diminish with increasing 
initial degree of saturation. It is likely that a significant factor in this be- 
havior is the reduction of effective compressibility of the pore fluid with in- 
creasing water content. At high degrees of saturation at least a portion of the 
applied deviator stress would be absorbed in a build up of pore pressures 
thus limiting the effectiveness of the contribution of the repeated loading to 
structural change. 

In eliminating the possibility of the observed changes being due to overall 
densification of the specimens the authors have drawn attention to the influ- 
ence of the micro structure on this behavior. Could they say whether the 
samples tested showed a well defined rupture plane at failure? It has oc- 
curred to the writer that if the observed stiffening could be attributed to physi- 
cal changes in a relatively small zone of potential failure within the specimens 
then this would influence the interpretation of the results to highway per- 
formance. 

Consider the case of a load repeatedly applied to highway subgrade through 
a wheel of tyre width ‘b’. The inference that could be drawn from these tests 
is that the zone of failure corresponding to this tyre width would be ‘rein- 
forced’ by repeated load application (Fig. 1). If now a tire of width by (>b) 
but of the same contact pressure is passed over the subgrade this load would 


1, Lecturer, Civ. Eng., Univ. of Melbourne, Victoria, Australia. 
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FIGURE 1 
create shear stresses in a zone not previously improved by the passing of 
tyre with width b. This does not invalidate the authors’ conclusions concern- be 
ing the importance of both magnitude and number of repetitions in assessing " 
the effect of repeated loading but rather indicates that under certain conditions a 
the width of the loaded area (tire width) may be an important additional vari- aut 
able. 
id In conclusion the writer would thank the authors for a most interesting and 
we valuable contribution, and express his appreciation of the work being done at ; : 
* the University of California in this field. - 
Despite objections by D. P. Krynine2 it is clear that carefully controlled 
laboratory investigations of the type under discussion are by far the most im- a 
portant tool in the task of rationalizing the art of pavement design. System- 1 
atic field observation can only be expected after the relative influence of the 
principal variables has been accomplished, and this has certainly not been 7 


done in many aspects of soil engineering—particularly pavement engineering. 
Experience should surely have taught us by this time that skilled laboratory 
investigation is the most economical way of tackling such problems. 


2. Discussion on Paper 1427, J. ASCE, 84:SM2. 
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| GEOLOGICAL FACTORS IN TUNNEL CONSTRUCTION: 7 
TOOLS AND TECHNIQUES&4 
Discussion by A. A. Eremin 


A. ms EREMIN, ! A. M. ASCE.—In this paper Mr. Cleaves has justly 
stressed the importance of geological investigations involved in tunneling. 

As early as 1871, while boring the Mont Cenis Railroad Tunnel in the Alps 
between France and Italy, the longest tunnel in the world at that time, the im- 
portance of geological investigations was realized. Later in 1906 during the 
boring of Simplon Railroad Tunnel, also located in the Alps, a complete 
section along the tunnel axis with detailed geological information was shown 
which was included in the economics of tunnel design and construction 
methods. (1) Today geological investigations are recognized as a basic re- 
quirement in economics of tunnel projects. 

Mr. Cleaves also shows an interesting summary of modern “tools” used 
in geological investigation associated with tunneling. As an additional “tool” 
it is appropriate to add the possibility of consolidating the ground around the 
tunnel by means of freezing. In boring the Scheld Tunnel at Antwerp, Belgium, 
freezing prevented a settiing of the ground and buildings in the vicinity of the 
tunnel shaft. Consolidation gf the ground around the tunnel bore may also be 
accomplished by draining the moisture from the soil with the electro-osmosis 
method, (2) 

The author correctly enumerates the advantages of the drill boring method 
used in the investigation of rock formation. However, by this method it is 
impossible to measure the moisture content in the soil. Consequently, it is 
often useful to drill longitudinal bores at the tunnel heading during excavation 
as they may reveal the concentration of underground water. 

Interest in the underground structures and tunnels is increasing, conse- 
quently, Mr. Cleaves’ paper is timely and warrants careful study. 


REFERENCES 


“Tunnels, Underground Structures, and Air Raid Shelters” by A. A. 
Eremin, 1958. 


2. “Engineering Geology and Geotechnics” by D. P. Krynine and W. R. Judd, 
1957. 


. Proc. Paper 1648, May, 1958, by Arthur B. Cleaves. 


1. Assoc. Bridge Engr., Bridge Dept. Div. of Highways, State Dept. of Public 
Works, Sacramento, Calif. 
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GEOLOGICAL FACTORS IN TUNNEL CONSTRUCTION: 
GEOLOGY AND TUNNEL DESIGN&@ 


Discussion by A. A. Eremin 


A. A. EREMIN,! A. M. ASCE.—In this paper Mr. Reeves has introduced 
the question, “What does the tunnel engineer expect the geologist to know?” 
and reversed, “What the tunnel engineer should know?” In response to the 
first question proposed by Mr. Reeves’ reference to the definition of the 
engineer-geologist by Prof. Krynine could be made, (1) 


“Engineering Geology differs from geology proper primarily in 
scope. In the construction of engineering structures depths of over 
3000 ft are practically never encountered.” 


Hence, the work of the tunnel geologist is limited to the upper part of the 
earth crust. 

The importance of the geological investigation of ground in design and con- 
struction of tunnels may be illustrated by the incidents which recently oc- 
curred while boring major size tunnels. 

During construction of the Leadville drain tunnel in Colorado the project 
manager for the contractor reported completion of 2,126 feet of bore and 30 
seconds later the completed length of tunnel was only 1,700 feet. The remain- 
ing length of tunnel was filled with mud and gravel which poured through a 
break in the ground at the tunnel heading. 

The second incident which may be cited occurred during construction of 
the Tecolote Water Tunnel in California. After completing 14,000 feet of 
bore from the north end of the tunnel the tunnel bore was flooded with 4,000 
GPM at a temperature of 118° F. High humidity of about 100% and the ex- 
istence of methane gas in the bore made the work in the tunnel unusually diffi- 
cult, At one time even relocation of the tunnel was seriously considered. 
However, after extensive geological investigation of the ground the work was 
resumed and the tunnel was successfully completed in its original alignment. 

Without any reference to the causes of the incidents it seems obvious that 
considerable difficulties were avoided by detailed studies of the ground. 

In the last century the progress in tunneling has followed the important 
advancements made in the science of mechanics of stresses in the foundation 
material. 

In 1861 Prof. Rankine developed his well known equation of side pressure 
on retaining walls, The Rankine equation was successfully applied in design 
and construction of many recently completed major size tunnels. (2) 


a. Proc. Paper 1649, May, 1958, by A. B. Reeves. 
1. Assoc. Bridge Engr., Bridge Dept. Div. of Highways, State Dept. of Public 
Works, Sacramento, Calif. 


| i 
3 ASCE 1881-11 
| 
\ 
4 r 
ily 
A 
: 
4 wed 


1881-12 SM 5 December, 1958 


In 1880 Prof. Boussinesque developed the well known equation for compu- 
tation of siresses in the foundation material. The Boussinesque equation is 
widely used in the analysis of tunnel lining stability. 

The recent advancement in methods of geological investigations have re- 
sulted in the discovery of various geological factors which impose serious 
limitations in application of the equations developed by Rankine and by 
Boussinesque. Therefore, Mr. Reeves’ statement made in his conclusion, 
“,.. by a better appreciation of the professional qualifications of each other, 
more intelligent results can be obtained” is justified and deserves careful 


consideration. 
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1. “Engineering Geology and Geothechnics” by D. P. Krynine and W. R. Judd, 
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THE STRUCTURE OF COMPACTED CLAYS?® 


Discussions by D. P. Krynine and Dean R,. Freitag 


ie KRYNINE, | M. ASCE.—In 1918 or thereabouts, when the writer 
started his engineering laboratory work on soils, only the old Rankine and 
Coulomb formulas were at hand. The writer contacted, at that time, the 
Russian agricultural soil scientists, who were very much advanced in their 
field, as indeed they are now, and started to work. Because of very unfavor- 
able local conditions at that time the writer was not aware of Terzaghi’s work 
until his “Erdbaumechanik” was published, and soil mechanics was formed. 
The writer then abandoned the term “Engineering theory of soils,” which he 
had used before in Russia. 

Since that time the writer has witnessed two revolutions or, more precise- 
ly, two periods of unusually intense activity and creation of new efficient 
ideas in the province of soil mechanics. The first revolutionary period lasted 
several years after 1925, when Terzaghi presented his ideas and other engi- 
neers, inspired by his work, published numerous papers and discussions. In 
the subsequent decade the engineering mind was preoccupied mostly with the 
improvement of sampling and testing, particularly with the triaxial test. 
Later, wartime conditions did not permit soil engineers to concentrate on the 
problems of soil behavior, except perhaps the problem of shearing strength 
of clay, which was arduously studied, but without notable results. A study of 
the problem of repetitional loadings was also started. 

Meanwhile many new ideas were born in adjacent fields. Though soil engi- 
neers knew long ago that a portion of particles in actual clay deposits were 
scale-like, further information on the size and shape of clay particles, and 
on crystallinity of clays was provided by X-ray analysis and electron micro- 
scope. Agricultural soil scientists had had knowledge of the electrical 
charges in soils for a certain time, and studied with good progress the 
prob‘ems of ion hydration and base exchanges in soils. 

Some time ago a group of experts in soil mechanics, physical chemistry, 
mineralogy, physics, rheology and adjacent fields was organized at M.I.T. by 
Professor T. W. Lambe, who wrote this paper in consultation with other 
members of this group. They studied material, analyzed it, and added to it a 
wealth of their own findings. The present paper is a manifestation of their 
work, Without making comparisons or drawing parallels, the writer wishes 
to state his belief that this paper, with the previous works by the same author, 
is the beginning of another significant revolution in soil mechanics. Whereas 
at the present time in considering clay we look separately at the clay parti- 
cles and at the soil water, the new outlook consists in looking into the 


a. Proc. Paper 1654, May, 1958, by T. William Lambe. 
1, Cons. Engr., Berkeley, Calif. 
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inseparable team “clay platelets—water,” into the orientation of the particles 
and into the particles themselves. 
The following remarks are not intended to oppose the views of the author, 


but to merely clarify some questionable points or to ask for, or provide some 
additional information. 


Flocculated and Dispersed Clay Structure 


To an attentive reader of the paper the difference between the flocculated 
and dispersed structure is quite clear; but it will be difficult to explain to the 
average engineer or student that the dispersed structure means smaller pore 
volume and greater dry density of the soil, as compared with the flocculated 
one, It seems better to substitute the term “dense” or some other adequate 
term for “dispersed” structure. 

If the faces of a clay particle are charged negatively, there should be both 
positive and negative charges at the edges. In fact, generally a clay mass is 
electrically balanced, i.e., contains equal numbers of positive and negative 
charges distributed throughout the mass. A “structural unit” containing just 
once all possible combinations of charges and repeating itself according to a 
certain periodic law may be cut out from the lattices. It is probable that in 
a cross section of this structural unit and in a portion of this cross section 
which is te end of the particle, there are both positive and negative charges. 
Because of a possible anion concentration at the particle ends the total posi- 
tive charge at the particle end should be weak; and so is the structure thus 
formed. Isomorphous substitution, probably does not affect this reasoning. 

The writer has always been of the opinion that marine clays have larger 
pores than fresh-water clays. The impression produced on the reader by 
Fig. 4 is not in accordance with this opinion. If the latter is correct, and if 
sometime a more permanent publication of this paper is planned, it would be 
advisable to decrease the whole Fig. 4(b) in order to make the thickness of the 
particles identical in both Fig. 4(a) and (b). 


Diffuse Double Layer 


This concept was originally advanced by the famous German physicist 
Hermann Helmholtz (1821-1894) and subsequently was given various interpre- 
tations by different authors. That one given in this paper seems to be the 
clearest of those the writer knows. The author states that there is adsorbed 
water (thickness about 10 A) strongly held by the clay particles; (2) the cations 
are attracted to the clay; (3) water in the double layer is attracted by the 
cations. Some investigators (e.g., the Russians(1)) state that the boundary of 
the thin absorbed layer is abrupt, i.e., there is no gradual change in the 
properties of the absorbed fluid. In any case, it seems that the direct at- 
tractive power of the clay particle is exhausted by adsorption and this is the 
reason why the cations and the water in the double layer outside the adsorbed 
water layer are attracted by an “induction type of force” as stated in the 
paper. Thus water is simultaneously attracted to the particles and to the 
cations, and therefore is in the state of tension. It may be visualized that 
water threads consisting of water molecules tied to each other by hydrogen 
bonds thus should be placed in a practically parallel array. Low (ref. 21) de- 
scribes this water structure as extending upwards of 60 A from the clay 
surface and becoming less regular, and probably more fluid, with distance 
from the surface. According to Low, this structure is not identical with that 
of ice, but both are less dense than “normal” water. 
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The value of the tensile stress developed in this connection and hence 
some possible volumetric changes in water depends, of course, on the hy- 
dration characteristics of the cations. It appears, therefore, that by using 
the base exchange process, the water level in a laboratory vessel containing 
dense clay suspension can be made to fluctuate, though on microscopically 
small vertical distances. Existence of holes in water is inconceivable. How- 
ever, in reviewing old literature the writer ran into such terminology.(2) 


Some Soil-Water Concepts Interrelated 


In connection with the diffuse double layer, the writer believes that the 
following three soil-water concepts should be in some way interrelated and 
on some occasions even identical; (1) plastic limit; (2) optimum moisture 
content; (3) not fully developed diffuse double layer. Obviously, both the 
plastic limit and the optimum moisture content depend on the hydration 
characteristic of the cations in the double layer. It seems also that plastici- 
ty and thixotropy are related phenomena. 


Contact Conditions 


When the clay crystals are not in contact, the surface of the adsorbed 
layer is not necessarily an exact replica of the surface of the crystal; proba- 
bly it is smooth. When, under pressure, two crystals come in close contact, 
the two adsorbed layers will form a continuous water envelope in which the 
two crystals will be suspended, so to speak. If, according to Bolt (ref. 6),a 
pressure of 100 atms is not sufficient to make two crystals touch each other, 
clay crystals under engineering structures are never in immediate contact 
since no such soil pressures as 100 tons per sq. ft. or so exist in practice. 
This point of view needs criticism and additional study, however. 


Slaking Test as a Measure of Structure 


The difference in behavior between a dispersed and a flocculated sample 
of the same clay in a slaking test can be easily explained on the basis of 
Lambe’s theories. The following may be added, however. Kaolinite, halloy- 
site, and many mica clays defy penetration of water and remain intact when 
submerged, nor does sodium bentonite disintegrate in water, (3) Expandable 
clays (e.g., montmorillonites) disintegrate in water rapidly. 


Electrical Forces and Thixotropy 


Inclusion of electrical forces as a component of the clay structure is a 
very desirable addition to Lambe’s theory of clay structure. The writer 
suspects that the electrical forces appear in clay in the presence of any polar 
liquid; so far as water is concerned, this is a well known fact. Furthermore, 
the writer believes that electrical forces that participate in the building of a 
clay structure, are, at least partially, responsible for the regain in strength 
(thixotropy) of damaged (e.g., compacted) clay. In this connection the writer 
wishes to quote a paper printed in Russia. (4) 

“Sediments of clay powder are denser in gasoline than in water but at the 
same time weaker mechanically and exhibit no thixotropy. In water, on the 
other hand, they do form thixotropic structures.” Since the phenomenon of 
thixotropy is not developed in gasoline and probably in other non-polar liquids 
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thixotropy is not an intrinsic property of clay. On the other hand, since all 
compacted clays contain dipolar water, they are all thixotropic, presumably | 
to variable degrees. 


CONCLUSION 


This paper presents to the reader the results of the fundamental research 
in the structure of clays. The fundamental research data are ably interwoven 
with engineering applications, particularly in the field of compaction. In all 
justice, this is an outstanding engineering paper, and its reading should be 
recommended to all civil engineers. Particularly this paper is a “must” for 
soil and foundation engineers if they do not want to lag behind the times in the 
new soil mechanics era. 
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DEAN R. FREITAG,! J. M. ASCE.—To the average civil engineer many of 
the terms and concepts employed in this paper are strange to the ears; and 
often the full implication of a new concept is difficult to comprehend. In this 
respect the writer would appreciate a more detailed discussion of the data 
presented in Fig. 8 of the paper. The author states that at about 200° C all 
the adsorbed moisture has left the clay and also at that temperature his void 
ratio data (if the writer interprets the ordinate scale correctly) imply that the 
soil particles no longer tend to come closer together. In spite of these facts 
the strength of the soil continues to increase in proportion to the drying 
temperature. How does this occur? 

In several instances Mr. Lambe uses measurements of the shrinkage or 
swell of compacted soil samples as a means of demonstrating structural 
differences. In all cases the volume changes are measured relative to the as- Read 
compacted volume, Although such measurements graphically portray the 1 
state of compaction of the various specimens, the writer wonders if they can - 
be considered a valid indication of structure. It would seem that a more inter- + 
esting and revealing approach would be to consider the over-all capacity of mt 
the soil to undergo volume changes. This approach has been followed by the ’ 
writer in analyzing the data shown in Fig. A. These data were collected dur- 
ing the course of tests conducted for another purpose and are not as precise 


1. Chf., Soils Stabilization Section, Embankment and Foundation Branch, Soils 
Div., U. S. Army Engr., Waterways Experiment Station, Vicksburg, Miss. 
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and complete as could be desired but are believed to be adequate to support 
the discussion. 

To obtain these data the various specimens were first dried from the as- 
compacted state (line a) to equilibrium at 50% relative humidity (line b). 

Next, half of the specimens were allowed to adsorb water from air at 100% 
relative humidity (line c) and the remainder were wetted by capillary rise 
(line d). The specimens represented by line d achieved an average degree of 
saturation ranging from about 92% for the lowest molding water content to 
about 88% for the highest molding water content. All specimens had been re- 
moved from the molds immediately after molding and were not confined in any 
way during the test sequence. 

It is evident that, based on the as-compacted condition, shrinkage upon 
drying predominates on the wet side of optimum water content while swelling 
is most pronounced on the dry side of optimum. There is, however, very 
little difference in the over-all volume change, particularly when the volume 
changes are considered in terms of a unit of soil as in the void ratio data plot. 
If void ratio can be considered an indication, it would appear from these data 
that, after the initial drying at least, all of the wet side specimens had es- 
sentially the same structure. This is not true on the dry side. Thus it should 
be possible to evaluate the structure of a dry side specimen by a comparison 
of its void ratio with that of a wet side specimen in a comparable state of 
moisture equilibrium. However, data from a very few specimens compacted 
at water contents higher than optimum and using both higher and lower com- 
pactive efforts (i.e., a greater and a lesser number of applications of the com- 
pacting loading) indicate that a lower void ratio is obtained (at an equilibrium 
water content) by increasing the compaction effort. Although this is not an 
unexpected result it implies that a perfectly oriented structure is not obtained 
merely by compacting wet of optimum. Therefore, it may be necessary to es- 
tablish a somewhat arbitrary standard of “zero structure” as a base for other 
measurements. In any event it appears from these data that unless volume 
change determinations are made at a specified moisture equilibrium they can 
not be a very meaningful measure of structure. 
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THE ENGINEERING BEHAVIOR OF COMPACTED CLAY# 


Discussion by J. MacNeil Turnbull 


J. MacNEIL TURNBULL, ! A. M. ASCE.—The description and theory of 
z clay engineering behavior given in this paper has considerable interest and 
i useful applications. There are, however, several points on which the con- 
clusions are at variance with those of the writer. 


I. C. Effect of Structure on Permeability 


Neither of the two soils, Figs. 1 and 2, are true clays. This is indicated 
by the low optimum moisture content and the high dry density. Since these 
soils would not contain any appreciable proportions of the true clay minerals 
they appear to be ill chosen for inclusion as proof of any properties of clays. 
Because a soil contains more than 30 per cent of particles finer than 0.005 
mm. does not imply that it will have any of the properties of a clay. The 
writer pays more attention to the minimum size of particle in the soil, and 
the proportion of colloids. Since at any time a colloid content of 30 per cent 
may consist of silica and be quite useless in a reservoir embankment, hand 
tests are frequently used to check the results of the mechanical analysis. 


Il. A. Components of Volume Change 


Confirming Experimental Evidence.(3) Is not the noted effect of temper- 
ature change largely due to the change in the viscosity of the water? The 
latter decreases considerably with a temperature rise of 21° C, and would en- 
able the removal of more water from the specimen under a constant load, with 
a resulting increase in the consolidation. On decreasing the temperature the 
viscosity of the water increases, and since the actual amount of consolidation 
for that particular load has been artificially increased by the induced removal 


of more water than required for equilibrium at a lower temperature, the soil 
will slowly expand. 


Il. C. Effect of Molding Water on Compressibility Characteristics of Com- 
pacted Clay 


What tempering time was given to the soil after the addition of water and 
mixing before proceeding to make the compaction test? The testing of clays 
can be quite misleading unless adequate attention is given to the proper 
tempering of the soil. The writer’s practise for clayey soils after addition of 
water to air-dry soil and thorough mixing, is to leave it to temper in sealed 


a. Proc. Paper 1655, May, 1958, by T. William Lambe. 


1. Deputy Supt. of Testing, State Rivers and Water Supply Comm., Melbourne, 
Victoria, Australia. 
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ine 
jars for at least two weeks before proceeding with compaction and Atterberg 
Limit tests. At times this has to be extended to three weeks. Unless this is 
done the clay will not be in its natural state, and a change of 2.5 per cent in 
the optimum moisture content can easily result, For one soil the optimum 
moisture content was changed from 30.7 per cent at 88.2 lb. per cu, ft. dry 
density after tempering for one week, to 28.2 per cent and 91.7 lb. per cu. ft. 
' after three weeks. This was ascribed to the entry of the water into the 

7 crystal lattice, providing a more flexible particle with better compaction my 
characteristics, and the removal of water from the surface of the particles i { 
where it only hindered compaction. The portion of the curve on the wet leg 1 : 
° above 31.5 per cent was common to both tempering periods. ge 


Ill. C. Cohesion and Friction At 


The writer is pleased that the author has chosen to avoid the confusion a 
arising from the practice of calling the intercept c “cohesion” and the strength can 
5 angle @ “internal friction.” However, five comments are applicable here: 


i i) The normal stresses of Figs. 9 and 10 obviously include capillary : 
normal stress (negative pore water pressures), since the normally Lo 

3 consolidated curves pass through the origin. The presence of capillary a 

W normal stress, which is a real stress, is easily demonstrated by com- o 

3 parison of the strength envelopes of specimens having the same dry = 


density but different moisture contents. The precompressed curves : 
should be straight lines, any departure therefrom being due to errors in Be 

the testing technique: such as, too long an interval between the unloading Be : 
from the preconsolidation stress and the end of the test, or testing the 

p specimen under too small an applied normal stress. Both vrocedures 

permit an expansion of the soil with a consequent reduction in strength. 


Keeping the rate of strain to not less than 0.30 in. per hr., and the ap- Att ; 
plied normal stress to not less than 25 per cent of the precompression : 
stress will reduce this risk. At the same time it is necessary for the a 
effect of these fast rates of strain to be evaluated before the true shear- it 


ing resistance can be determined. Undisturbed samples, for the same 
\" reason, should always be tested under applied normal stresses greater 
than their preconsolidation stress to determine their true normally 
consolidated shear strength envelope. 
ii) From the appearance of the precompressed curves in Figs. 9 and 10 it 
would appear that the specimens had been tested very close to the ori- 
if gin. This would not be practicable with clays owing to their large capil- d & 
lary forces. Particularly unfortunate are the curves marked “Engineer- e 7 
' ing Average,” which should intercept the normally consolidated curve at oF 
the preconsolidation stress. The latter property has often led to the 
discovery of an erratic test result at the preconsolidation stress. og | 
iii) The statement that “there is no standard test which can identify the con- 
tributing fundamental components of clay shear strength” overlooks the ‘7 
fact that this has been done in this laboratory for many years.(1,2) The : 
determination of the true values of all soil characteristics is considered ay | 
to be essential for the intelligent selection of design values, and to pro- a : 
vide a reliable picture of the soil. mind 
iv) Tests to determine the true cohesion and the true internal friction of a 
compacted clay have demonstrated that, for the same dry density at 
different moisture contents, the true cohesion is the same at the same 


| 
a 
| 


1881-22 SM 5 December, 1958 


total normal stress (capillary + applied normal stresses) as shown in 
Fig. 1. The cohesion is independent of the moisture content, which is in 
line with the fundamental property of true cohesion. At the lower 


moisture content the free drained and undrained results coincided due to 
the very small consolidation of the soil. 

Cohesive clays having no internal friction will, when unloaded from a 
preconsolidation stress, have a constant shearing resistance equal to 
the former stress as shown in Fig. 2. A number of such clays have been 
tested, and present many interesting features. The undrained strength 
of these clays is not affected by pore pressures like coarser grained 
soils, and tends to approach the free drained strength. 


D. 


Negative pore pressures (capillary normal stress) exist on the wet side of 
optimum. In one series of tests on a silty clay loam when compacted at vari- 
ous moisture contents to more than 11.0 per cent on the wet side of an opti- 
mum moisture content of 18.9 per cent, the capillary normal stress iiac a 
range of 2,500 to 450 lb. per sq. ft. in a free drained test. 

The writer considers that the inclusion of capillary normal stress is the 
only logical manner to complete the interpretation of shearing resistance 
envelopes. It also provides the only means of obtaining the mean strength of 
mixtures of different soils.(3) 

In conclusion a description of the writer’s method of determining the value 
of the shearing resistance of cemented soils may be of interest. The com- 
ponent due to a chemical or physical bond derived from solutions or heat and 
pressure, termed “adhesion” can be separated from the true cohesion and in- 
ternal friction still present in the soil. This type of bond is not affected by 
the application of an applied normal stress or immersion in water. The soil 
is tested in the free drained and undrained conditions, and the slope of the 
“cohesion” curve A4C4' determined (see Fig. 3). Some of the soil is recom- 
pacted at the same moisture content and dry density and tested. Since the 
capillary normal stress is the same for undisturbed and remolded soils, al- 
though the strength envelope may be entirely different, the true origin of the 
“natural soil” Op is obtained. The intercepts OpC4 and C4Cq' on the ordinate 
at Op supply the values of the adhesion a and true cohesion cy. The former 
is a constant under all normal stresses, while the latter will vary with the 
normal stress, the value c4 applying to the applied normal stress ONg only. 
In the absence of adhesion the technique has proved of much assistance when 
testing undisturbed samples where erratic results have been obtained as the 
origin can then be correctly located. 


REFERENCES 


. Turnbull, J. MacNeil, Handbook of Methods of Testing Soils, Government 
Printer, 1945 (Distributed by Tait Book Company). 


. Turnbull, J. MacNeil, “Shearing Resistance of Soils,” Proc. First 


Australia-New Zealand Conf. on Soil Mech. and Foundn. Engg., 1952, pp. 
48-81. 


. Turnbull, J. MacNeil, Discussion of “Selection of Design Value from Shear 


Test Results” by M. G. Speedie, Proc. Second Australia-New Zealand Conf, 
on Soil Mech. and Foundn. Engg., 1956, p. 108. 


v) 
C4, 
2 
? 


PROCEEDINGS PAPERS 


The technical papers published in the past year are identified by number below. Technical-division 
sponsorship is indicated by an abbreviation at the end of each Paper Number, the symbols referring to: Air 
Transport (AT), City Planning (CP), Construction (CO), Engineering Mechanics (EM), Highway (HW), Hy- 
draulics (HY), Irrigation and Drainage (IR), Pipeline (PL), Power (PO), Sanitary Engineering (SA), Soil 
Mechanics and Foundations (SM), Structural (ST), Surveying and Mapping (SU), and Waterways and Harbors 
(WW), divisions, Papers sponsored by the Department of Conditions of Practice are identified by the symbols 
(PP). For titles and order coupons, refer to the appropriate issue of “Civil Engineering.” Beginning with 
Volume 82 (January 1956) papers were published in Journals of the various Technical Divisions, To locate 
papers inthe Journals, the symbols after the paper number are followed by a numeral designating the issue 
of a particular Journal in which the paper appeared. For example, Paper 1859 is identified as 1859 (HY 7) 


which indicates that the paper is contained in the seventh issue of the Journal of the Hydraulics Division 
during 1958. 


VOLUME 83 (1957) 


DECEMBER: '449(HY6), 1450(HY6), 1451(HY6), 1452(HY6), 1453(HY6), 1454(HY6), 1455(HY6), 1456(HY6)c, 
1457(PO6), 1458(PO6), 1459(PO6), 1460(PO6)°, 1461(SA6), 1462(SA6), 1463(SA6), 1464(SAR), 1465(SA6), 
1466(SA6)°, 1467(¢ . %), 1468(AT2), 1469(AT2), 1470(AT2), 1471(AT2), 1472(AT2), 1473(AT2), 1474(AT2), 
1475(AT2), 1476(A1_), 1477(AT2), 1478(AT2), 1479(AT2), 1480(AT2), 1481(AT2), 1482(AT2), 1483(AT2), 
1484(AT2), 1485(AT2)°, 1486(BD2), 1487(BD2), 1488(P06), 1489(PO6), 1490(BD2), 1491(BD2), 1492(HY6), 
1493(BD2). 


VOLUME 84 (1958) 


JANUARY: 1494(EM1), 1495(EM1), 1496(EM1), 1497(IR1), 1498(1R1), 1499(IR1), 1500(IR1), 1501(1R1), 1502 
(IR1), 1503(1R1), 1504(1R1), 1505(IR1), 1506(IR1), 1507(IR1), 1508(ST1), 1509(ST1}, 1510(ST1), 1511(ST1), 
1512(ST1), 1513(WW1), 1514(WW1), 1515(WW1), 1516(WW1), 1517(WW1), 1518(WW1), 1519(ST1), 1520 
(EM1)°, 1521(1R1)°, 1522(ST1)°, 1523¢Ww1)°, 1524(HW1), 1525(HW1), 1526(HW1)°, 1527(HW1). 


FEBRUARY: 1528(HY1), 1529(PO1), 1530(HY1), 1531(HY1), 1532(HY1), 1533(SA1), 1534(SA1), 1535(SM1), 
1536(SM1), 1537(SM1), 1538(PO1)°, 1539(SA1), 1540(SA1), 1541(SA1), 1542(SA1), 1543(SA1), 1544(SM1), 
1545(SM1), 1546(SM1), 1547(SM1), 1548(SM1), 1549(SM1), 1550(SM1), 1551(SM1), 1552(SM1), 1553(PO1), 
1554(PO1), 1555(PO1), 1556(PO1), 1557(SA1)°, 1558(HY1)°, 1559(SM1)°. 


MARCH: 1560(ST2), 1561(ST2), 1562(ST2), 1563(ST2), 1564(ST2), 1565(ST2), 1566(ST2), 1567(ST2), 1568 
(WW2), 1569(WW2), 1570(WW2), 1571(WW2), 1572(WWw2), 1573(WW2), 1574(PL1), 1575(PL1), 1976(ST2)°, 
1577(PL1), 1578(PL1)°, 1579(ww2)°. 


APRIL: 1580(EM2), 1581(EM2), 1582(HY2), 1583(HY2), 1584(HY2), 1585(HY2), 1586(HY2), 1587(HY2), 1588 
(HY2), 1589(1R2), 1590(1R2), 1591(1R2), 1$92(SA2), 1593(SU1), 1594(SU1), 1595(SU1), 1596(EM2), 15°7(PO2), 
1598(PO2Z), 1599(PO2), 1600(PO2), 1601(PO2), 1602(PO2), 1603(HY2), 1604(EM2), 1605(SU1)c,1606(SA2), 
1607(SA2), 1608(SA2), 1609(SA2), 1610(SA2), 1611(SA2), 1612(SA2), 1613(SA2), 1614(SA2)°, 1615(0R2)°, 1616 
(HY2)¢, 1617(SU1), 1618(PO2)°, 1619(EM2)°, 1620(CP1). 


MAY: 1621(HW2), 1622(HW2), 1623(HW2), 1624(HW2), 1625(HW2), 1626(HW2), 1627(HW2), 1626(HW2), 1629 
(ST3), 1630(ST3), 1631(ST3), 1632(ST3), 1633(ST3), 1634(ST3), 1635(ST3), 1636(ST3), 1637(ST3), 1638(STS3), 
1639(WW3), 1640(WWS3), 1641(WWS3), 1642(WW3), 1643(WWS3), 1644(WW3), 1645(SM2), 1646(SM2), 1647 
‘SM2), 1648(SM2), 1649(SM2), 1650(SM2), 1651(HW2), 1652(HW2)°, 1653(WW3)°, 1654(SM2), 1655(SM2), 
1657(SM2)°. 

JUNE: 1658 AT1), 1659(AT1), 1660(HY3), 1661(HY3), 1662(HY3), 1663(HY3), 1664(HY3), 1665(SA3), 1666 
(PL2), 1667(PL2), 1668(PL2), 1669(AT1), 1670(PO3), 1671(PO3), 1672(POS), 1673(PL2), 1674(PL2), 1675 
(POS), 1676(PO3), 1677(SA3), 1678(SA3), 1679(SA3), 1680(SA3), 1681(SA3), 1682(SA3), 1683(POS3), 1684 
(HY3), 1685(SA3), 1686(SA3), 1687(PO3), 1688(SA3)°, 1689(P03)°, 1690(HY3)°, 1691(PL2)°. 


JULY: 1692(EM3), 1693(EM3), 1694(ST4), 1695(ST4), 1696(ST4), 1697(SU2), 1698(SU2), 1699(SU2), 1700(sU2), 
1701(SA4), 1702(SA4), 1703(SA4), 1704(SA4), 1705(SA4), 1706(EM3), 1707(ST4), 1708(ST4), 1709(ST4), 1710 
(ST4), 1711(ST4), 1712(ST4), 1713(SU2), 1714(SA4), 1715(GA4), 1716(SU2), 1717(SA4), 1718(EM3), 1719 
(EM3), 1720(SU2), 1721(ST4)°, 1722(ST4), 1723(ST4), 1724(EM3)°. 


AUGUST: 1725(HY4), 1726(HY4), 1727(SM3), 1728(SM3), 1729(SM3), 1730(SM3), 1731(SM3), 1732(SM3), 1733 
(PO4), 1734(PO4), 1735(PO4), 1736(PO4), 1737(PO4), 1738(PO4), 1739(PO4), 1740(PO4), 1741(PO4), 1742 
(PO4), 1743(PO4), 1744(PO4), 1745(PO4), 1746(PO4), 1747(PO4), 1748(PO4), 1749(PO4). 


SEPTEMBER: 17500:R3), 1751(1R3), 1752(1R3), 1753(0R3), 1754(1R3), 1755(STS), 1756(STS), 1757(ST5), 
1758(STS), 17S9(STS), 1760(STS), 1761(STS), 1762(STS), 1763(STS), 1764(STS), 1765(WW4), 1766(WW4), 
1767(WW4), 1768(WW4), L769(WW4), 1770(WW4), 1771(WW4), 1772(WW4), 1773(WW4), 1774([R3), 1775 
(IR3), 1776(SA5), 1777(SA5), 1778(SA5), 1779(SAS), 1780(SA5), 1781(WW4), 1782(SA5), 1783(SA5), 1764 
1785(WW4)°, 1786(SA5)°, 1787(STS)°, 1788QR3), 1789(WW4). 


OCTOBER: 1790(EM4), 1791(EM4), 1792(EM4), 1793(EM4), 1794(EM4), 1795(HW3), 1796(HW3), 1797(HW3), 
1798(HW3), 1790(HW3), 1800(HW3), 1801(HW3), 1802(HW3), 1803(HW3), 1804(HW3), 1805(HW3), 1806 
(HYS), 1807(HY5), 1808(HYS), 1809(HYS), 1810(HYS), 1811(HY5), 1812(SM4), 1813(SM4), 1814(ST6), 18615 
(ST6), 1816(ST6), 1817(ST6), 1818(ST6), 1819(STS), 1820(ST6), 1821(ST6), 1822(EM4), 1823(POS), 1824 
(SM4), 1825(SM4), 1826(SM4), 1827(ST6)°, 1828(SM4)°, 1829(HW3)°, 1830(PO5)°, 1831(EM4)°, 1832(HY5)° 


NOVEMBER: 1833(HY6), 18:4(HY6), 1835(SA6), 1836(ST7), 1837(ST7), 1838(S:77), 1839(ST7), 1840(ST7), 
1841(ST7), 1842(SU3), 1843(SU3), 1844(SU3), 1945(SU3), 1846(SU3), 1847(SA6), 1848(SA6), 1849(SA6), 
1850(SA6), 1851(SA6), 1852(SA6), 1853(SA6), 1854(ST7), 1855{SA6)°, 1856(HY6)°, 1857(ST7)°, 1858 
(su3)¢, 

DECEMBER: 1859(HY7), 1860(1R4), 1861 (IR4), 1862(IR4), 1863(SM5), 1864(SMS5), 1865(ST8), 1866(ST8), 1867 
(ST8), 1868(PP1), 1869(PP1), 1870(PP1), 1871(PP1), 1872(PP1), 1873(WWS), 1874(WWS), 1875(WWS), 1876 
(WW5), 1877(CP2), 1878(ST8), 1879(STS), 1880(HY7)©, 1881(SM5)°, 1882(STS)°, 1883(PP1)°, 1884(Wws)°, 
1885(CP2)°, 1886(PO6), 1887(P06), 1888(PO6), 1889(POS), 1890(HY7), 1891(PP1). 


c. Discussion of several pagers, grouped by divisions. 
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